One sentence summary: Genetic transformation toolkit for Brettanomyces bruxellensis with enhanced efficiency.
INTRODUCTION
Brettanomyces bruxellensis is mainly considered a spoilage yeast which is associated with several fermented beverages including, wine, beer and cider (Curtin, Varela and Borneman 2015; Varela and Borneman 2017) and can also contaminate bioethanol production processes (Liberal et al. 2007; Basillo et al. 2008) . Brettanomyces bruxellensis produces several metabolites that negatively affect the sensory properties of fermented beverages with wine being particularly affected. Most prominent amongst these are the volatile phenols 4-ethylphenol (4-EP), 4-ethylguaiacol (4-EG) and 4-ethylcatechol (4-EC), which impart 'elastoplast'/'bandaid', 'medicinal', 'barnyard' and 'earthy' aromas (Chatonnet et al. 1992; Chatonnet and Dubourdieu 1995) . Others include N-heterocycles responsible for 'mousy' taint (Grbin and Henschke 2000) and methylbutanoic (isovaleric) acids which elicit a 'rancid' aroma (Fugelsang and Zoecklein 2003; Curtin et al. 2013) .
Despite its association with the spoilage of fermented beverages, B. bruxellensis makes a positive contribution in other fermentation settings. These include the production of Belgian lambic and gueze ales (Vanbeneden et al. 2008) , the production of cachaç a, a distilled spirit made from sugar cane (Parente et al. 2015) and the production of bioethanol (Blomqvist et al. 2011; Galafassi et al. 2011) . In fact, B. bruxellensis has several traits relevant for industrial applications. It is highly tolerant to both ethanol and low pH (Conterno et al. 2006; Curtin, Varela and Borneman 2015) , can assimilate a wide range of carbon sources, including chitin and cellobiose (Blondin et al. 1982; Curtin et al. 2012; Reis et al. 2014) , and can assimilate nitrate as a nitrogen source, which provides B. bruxellensis with a competitive advantage over Saccharomyces cerevisiae (de Barros Pita et al. 2013; Neto et al. 2014) .
The combination of significant economic losses in fermented beverage industries and the potential for biotechnological applications has renewed research focus upon B. bruxellensis. Genome sequences are now available for several B. bruxellensis strains from a variety of fermentation sources including beer, wine and biofuel (Curtin et al. 2012; Piškur et al. 2012; Borneman et al. 2014; Crauwels et al. 2015; Olsen et al. 2015) . These datasets are being used to make discoveries which are enabling rapid advances in our understanding of B. bruxellensis biology. For example, amplification of the alcohol dehydrogenase gene family which suggests a parallel evolution between B. bruxellensis and S. cerevisiae (Curtin et al. 2012; Piškur et al. 2012) , and expansion in amino acid permeases that may facilitate survival in relatively low nutrient environments which provides insight into the evolution of traits that differentiate B. bruxellensis from other species (Curtin et al. 2012) . In addition, these genomic studies have shown that the B. bruxellensis genome is highly dynamic. Triploid strains (possibly formed via interspecific hybridization with an unknown closely related species) have been observed (Curtin et al. 2012; Borneman et al. 2014; Avramova et al. 2018 ) and the species is characterised by extensive karyotype heterogeneity (Hellborg and Piskur 2009) .
Genetic transformation is a foundational technology that enables the comprehensive study of a species by applying a multitude of molecular biology tools, such as gene overexpression, gene deletion, incorporation of marker genes for competition experiments and tagging for visualisation or purification. Transformation has been available in S. cerevisiae for well over 30 years, with much of the knowledge that has been generated for this species being due to the early adoption of this technique. However, genetic transformation for B. bruxellensis has only been developed very recently, with both random genomic insertion and episomal plasmids available for the introduction of heterologous DNA (Miklenic et al. 2015; Ishchuk et al. 2016; Schifferdecker et al. 2016) . Here, we describe the development of gene transformation cassettes tailored for B. bruxellensis which increase nonhomologous transformation efficiency. These cassettes provide multiple drug-resistant markers and the ability to tag B. bruxellensis with different fluorescent proteins. 
MATERIAL AND METHODS

Strain and media
Construction of DNA cassettes
Plasmids containing genes conferring resistance to different antibiotic were obtained as follows. Brettanomyces bruxellensis TDH1 promoter was synthesised by Invitrogen GeneArt (ThermoFisher Scientific, MA, USA) and cloned in plasmids pMK-T and pMA generating plasmids pMK-T-TDH1pr and pMA-TDH1pr (Table 1 ). PCR fragments containing the antibiotic resistance cassettes kanMX, natMX and hygMX, and the AgTEF2 terminator were amplified from pUG6, pAG25 and pAG32, respectively, using the primers listed in Table 2 . Plasmids pUG6, pAG25 and pAG32 were obtained from the Euroscarf collection (University of Frankfurt, Germany). PCR products were purified, digested with SalI and SpeI, and cloned into pMK-T-TDH1pr, generating the plasmids pMK-T-TDH1pr-kanMX, pMK-T-TDH1pr-natMX and pMK-T-TDH1pr-hygMX (Table 1) . Similarly, a PCR fragment containing natMX and the AgTEF2 terminator was cloned into pMA-TDH1pr generating plasmid pMA-TDH1pr-natMX (Table 1) . DNA cassettes containing fluorescent proteins were obtained as follows. GFP (green fluorescent protein) was amplified from pADH1-tc3-GFP (Euroscarf collection, University of Frankfurt, Germany), digested with NotI and KpnI and cloned in pCV2 BB, whereas TagBFP (blue fluorescent protein) was synthesised by Invitrogen GeneArt (ThermoFisher Scientific) and cloned in the same plasmid generating plasmids pCV2 BB-GFP and pCV2 BB-BFP, respectively (Table 1) . Thus, both proteins were flanked by the strong S. cerevisiae promoter ScFBA1p and the ScPGK1 terminator. PCR fragments containing the gene encoding a fluorescent protein and the ScPGK1 terminator were amplified from pCV2 BB-GFP and pCV2 BB-BFP using primers listed in Table 2 . These primers introduced restriction sites for cloning and a flexible linker of four amino acids (gly-gly-ser-gly) to generate a fusion protein between natR and the fluorescent proteins. PCR products were digested with SphI/XbaI and cloned into pMA-TDH1pr-NatMX digested with SphI/SpeI, replacing the AgTEF2 terminator with the ScPGK1 terminator and generating plasmids pMA-TDH1pr-NatMX::GFP and pMA-TDH1pr-NatMX::BFP (Table 1 ). All cloning steps were performed in E. coli DH5α.
Transformation
Brettanomyces bruxellensis AWRI2804 was transformed by electroporation following the protocol described by Miklenic et al. (2015) . Briefly, strains were grown overnight in liquid YPD medium, then 1 mL of culture was used to inoculate 200 mL of fresh YPD medium and incubated on an orbital shaker (140 rpm, 28
• C) until a concentration of 5 × 10 7 cells/mL was achieved (mid-exponential phase). Cells were then centrifuged (3000 rpm, 4 min, room temperature), supernatant was carefully decanted and cells were washed three times with 50 mL sterile deionised water. Cells were resuspended in 20 mL of 35 mM of dithiothreitol and 100 mM lithium acetate and incubated for 45 min at 28
• C with gentle shaking (140 rpm). Cells were then isolated by centrifugation (3000 rpm, 4 min, 4
• C), with the resulting pellet washed twice with 20 mL of ice-cold sterile deionised water and then twice with 20 mL of ice-cold 1M sorbitol solution. Finally, cells were resuspended in 1M sorbitol (ice-cold), to a final volume of 500 μL, with 50 μL aliquots used for each transformation reaction. A volume of 1 μL containing DNA for transformation (28-56 ng/μL) was then introduced into the samples, mixed thoroughly and incubated on ice for 5 min. Samples were then placed in separate 0.2 cm-gap electroporation cuvettes (Bio-Rad) previously kept on ice, and pulsed (1.8 kV, 5 ms) with Bio-Rad Gene Pulser Electroporator (600 , 25 μF). Immediately after the pulse, 1 mL of 1M sorbitol:YPD (1:1) ice-cold solution was added, and the samples were incubated at room temperature for 20 min without shaking. After the incubation step, the cells were placed in 10 mL sterile tubes and 1 mL of YPD was added. The samples were incubated overnight at 28
• C with shaking (140 rpm) and then spread on plates containing the appropriate antibiotic. Plates were then incubated at 30
• C, and transformants were visible after 5-7 days. DNA cassettes for transformation were obtained by PCR using the primers M13-F and M13-R (Table 1) . PCR products were purified using the Wizard R SV Gel and PCR clean-up system (Promega, Madison, USA) and used for transformation as indicated above.
Flow cytometry
Over 150 individual transformants for each fluorescent protein were assessed for mean fluorescence by flow cytometry using a Guava R easyCyte 12HT instrument (Merck Millipore). Transformants were grown in 96-well plates containing 200 μL of MM5 medium. Microplates were sealed with a BreatheEasy R sealing membranes (Diversified Biotech) and incubated at 28
• C for 2 days. Cell cultures were diluted in PBS buffer (NaCl 8 g/L, KCl 0.2 g/L, Na 2 HPO 4 1.44 g/L, KH 2 PO 4 0.24 g/L pH 7.4) to ensure a cell concentration lower than 5 × 10 5 cells/mL before being analysed in the flow cytometer. Forward and side scatter detectors were used to determine particle size and estimate cell numbers, blue fluorescence was detected using violet (405 nm solid state laser) excitation and a 448/50 nm detection filter, while green fluorescence was detected using blue/green (488 nm solid state laser) excitation and a 525/50 nm detection filter. For all analyses, a minimum of 5000 events were acquired while cell throughput was kept under 500 cells/μL to ensure accuracy. Results were analysed with inCyte software version 3.2. One positive transformant for each fluorescent protein, AWRI2804 natR::GFP and AWRI2804 natR::BFP, and the parental strain AWRI2804 were grown in 10 mL test tubes containing 2 mL of MM5 medium for 2 days (28
• C, rotary incubator). Individual cultures and mixed cultures of AWRI2804 natR::GFP and AWRI2804 natR::BFP at different ratios (3:1, 1:1 and 1:3) were then used to estimate the ability of the flow cytometer to discriminate between green, blue and absence of fluorescence, using the parameters indicated above.
Fluorescence microscopy
A 1:1 mixed culture of AWRI2804 natR::GFP and AWRI2804 natR::BFP prepared as indicated above was used for fluorescence microscopy. The culture was visualised with a NIKON50i microscope using a Plan Fluor ×100 oil immersion objective. A Nikon Intensilight mercury arc lamp was used as excitation source. Blue fluorescence was imaged using a UV-2A (Nikon) filter block, whereas green fluorescence was imaged using a GFP-B (Nikon) filter block. Photographs were acquired with a Digital Sight DS-2MBW C camera and processed with the NIS Elements Basic Research software version 4.6.
RESULTS AND DISCUSSION
Improved efficiency for B. bruxellensis transformation
Most existing selectable antibiotic marker cassettes (that were developed for S. cerevisiae) show high efficiency when used in S. cerevisiae (up to 1 × 10 6 transformants/μg DNA) (Gietz and Schiestl 2007) , but only limited efficiency in B. bruxellensis (up to 2.8 × 10 3 transformants/μg DNA) (Miklenic et al. 2015) . As B. bruxellensis is distantly related to S. cerevisiae, it was hypothesised that this reduction in efficiency may be due to the heterologous promoter used so far. A homologous promoter was therefore sought from B. bruxellensis, with gene expression data indicating that the TDH1 gene promoter could provide the high and consistent expression necessary to drive the expression of drug-resistant DNA cassettes. A set of DNA vectors was then created in which the Ashbya gossypii TEF2 promoter was replaced with the B. bruxellensis TDH1 promoter, such that this new promoter would drive the expression of three different drug-resistant genes, kanMX, natMX and hygMX, encoding resistance to G418, CloNAT and hygromycin, respectively (Goldstein and McCusker 1999) . Following transformation into B. bruxellensis AWRI2804, all of the marker cassettes that contained the BbTDH1 promoter showed an increased transformation efficiency compared to those driven by the AgTEF2 promoter (Fig. 1) . The kanMX, natMX and hygMX TDH1p cassettes showed nine, eight and seven times higher efficiency, respectively, than their AgTEF2 counterparts. Indeed, all TDH1p marker cassettes exhibited a higher efficiency than the maximum reported previously (2.8 × 10 3 transformants/μg DNA), with the natMX TDH1p cassette being five times higher (1.44 × 10 4 transformants/μg DNA) (Fig. 1) .
Tagging B. bruxellensis with fluorescent proteins
Fluorescent markers, such as GFP, provide an attractive methodology for labelling cells in vivo. Selectable marker cassettes were constructed whereby the natR (encoding for CloNAT resistance) resistance gene (driven by BbTDH1) was fused, in-frame to the open reading frame of either the GFP or BFP fluorescent proteins. These fluorescent marker cassettes were then used to tag B. bruxellensis AWRI2804 via random integration. Both GFP and BFP transformants showed asymmetrical distributions for mean fluorescence with approximately 60% of all transformants having up to 2-fold higher fluorescence than AWRI2804 ( Fig. 2A and  B) . Maximum mean fluorescence values for GFP and BFP were 10-fold and 7-fold higher than AWRI2804, respectively. Since B. bruxellensis transformation is mediated almost exclusively by nonhomologous end joining (Wang, Choi and Lee 2001; Klinner and Schafer 2004) , it is likely that the high fluorescence observed in some transformants was the result of multiple copies of the transformation cassette being inserted randomly in the B. bruxellensis genome. Approximately 20% of cells displayed no increase in fluorescence compared with the parental strain, which may be due to disruption of the GFP/BFP coding sequence during integration. One randomly selected transformant for each fluorescent protein (with a mean fluorescence value 2-4 times higher than the parental strain background) was selected for investigating the use of GFP and BFP to discriminate between subpopulations of cells in mixed cultures using flow cytometry. In control cultures of AWRI2804, flow cytometry showed that more than 96% of the cell population showed no fluorescence (below the threshold for fluorescence detection), while a small proportion were classified as fluorescent (green 1.9%, blue 1.6%) (Fig. 2C) . In AWRI2804 tagged with GFP, 95.5% of the population showed green florescence, with the remainder showing blue (4.1%) or no florescence (0.4%). Of those cells tagged with BFP, 99.5% were classified as displaying blue florescence with a minimal proportion categorised as green (0.3%) or non-fluorescent (0.2%).
Mixed fluorescent populations were then constructed by combining known numbers of GFP-and BFP-tagged cells of AWRI2804. Following classification by cell sorting, all of the cultures containing AWRI2804 natR::GFP and AWRI2804 natR::BFP at different proportions showed results within ±4% of the expected population ratios (Fig. 2C) . This demonstrates the ability to discriminate between green and blue fluorescent cells by flow cytometry in mixed cultures and provides the means to accurately track the prevalence of two different cell populations growing in a competitive environment.
A mixed culture of AWRI2804 natR::GFP and AWRI2804 natR::BFP in a ratio 1:1 was then visualised with fluorescence microscopy (Fig. 3) . Green and blue fluorescence signals were observed for different cells indicating minimal cross-fluorescence. A superimposed image enabled a clear identification of AWRI2804 natR::GFP and AWRI2804 natR::BFP cells (Fig. 3D ). This indicates that the fluorescent DNA cassettes presented here can be successfully used to visualise B. bruxellensis cells by microscopy.
CONCLUSIONS
Genetic transformation cassettes tailored for B. bruxellensis significantly increased the transformation efficiency of this species. This higher efficiency combined with multiple drugresistant markers and fluorescent proteins unlocks several molecular applications such as strain tagging, cellular localisation, gene overexpression and competitive growth assays, which were not available, or were impractical, using previously described techniques. We expect that this genetic transformation toolkit for B. bruxellensis will be a valuable resource for the yeast research community.
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